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SUMMARY

Small-scale tapered Ti-6Al1-4V alloy tubes were to be processed by hot
isostatic pressing (HIP), cold drawing, and hydrostatic extrusion.
The results of this study are summarized 3s follows:

1. Tapered HIP tubes were successfully fabricated, The tensile,
impact, and fracture toughness properties were comparable
to or better than those of wrought material, Fatigue proper-
ties of the HIP material were somewhat lower than those of
wrought material,

2, Tungsten and carbon impurities were found in the Ti-6A1-4V
powder, These impurities in the Ti-6Al-4V matrix may have
served as crack initiation sites under loading and, thereby,
may have contributed to the lower fatigue life of the HIP
preforms, However, this question was not resolved in this
study,

3. Wall tapering of a wrought tube preform was successfully
accomplished by cold drawing, and the target of 50-perceut
wall thickness was obtained,

4, Only limited success was achieved in tapering the OD with
the deformable-die process, A 10-percent taper on the diam=
eter was produred on wrought tapered wall preforms, but
efforts to increase the rate of taper were unsuccessful
because of tube pcinting problems,

5. HIP material in the form of solid bar was successfully
extruded at a 2,5:1 extrusion ratio by hydrostatic extrusion,
Attempts to hydrostatically extrude the tubular HIP material
were not successful due to circumferential cracking initiating
on the ID of the extruded workpiece. However, cursory
scanning-electron-microscope studies at NASA-Langley revealed
the presence of small ID cracks at particle interfaces on
as=-HIP fatigue specimens, Such cracks (or weak zones)
possibly may have been present on the ID surface of the as-HIP
tube blanks prior to extrusion,

6. Fatigue tests conducted on specimens from tubes manufactured
by HIP and then cold drawn failed to show any improvement in
fatigue resistance of the material as a result of cold working,

7. Cost studies indicate that tapered spars 32 feet in length
can potentially be fabricated at a cost of approximately
$3000 per spar using one or more of the processes studied
in this program, This cost is approximately 15 percent of
that which would be incurred if a thick-wall wrought extrusion
was purchased and machined to produce the tapered spar,
11
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This report covers work performed under U,S, Army Contract DAAJO2-71 -C-0038
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for conducting the fracture toughness tests reported in Appendix I,
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P T e N s o s o

INTRODUCTION

The overall objective of this program was to investigate potentially
lower cost manufacturing methods of producing T1-6A1-4V tapered tubes
for helicopter rotor spars. A typical rotor spar tube used in somn
advanced helicopter designs has a tapered wall and a taperad diameter,
The usual method for producing these parts is to machine the tapers on
a constant-diameter constant-wall hollow extrusion. This 1is obviously
a very costly process due to the machining time involved and low yields
since a large portion of the extrusion is converted into chips, Ulti-
mately, titanium spar tubes approximately 32 feet long and 7 inches in
diameter will be required in advanced helicopters now being designed.

The alternative manufacturing techniques studied in this program for
forming tapered spar tubes were hot isostatic pressing (HIP) and two
cold-forming techniques, hydrostatic extrusion and cold drawing., The
latter techniques used starting billets of HIP material and commercial
wrought materials., One of the primary questions to be resolved was

the cold workability of HIP material and the effect of cold working

on the mechanical properties of this material, in particular the effect
on fatigue 1ife. Another objective of this study was to determine the
most cost-effective approach to manufacturing methods development,

Work on this program began on April 15, 1971, and ended on June 28, 1972,



PROGRAM APPROACH

As discussed previously, the tube tapering processes investigated in
this program were hot isostatic pressing (HIP), hydrostatic extrusion,
tube drawing using rigid dies and deformable-die techniques, and
combinations of these processes, Prior work at Battelle had shown that
each of these processes has unique features adaptable to making tapered
T1-6A1-4V tubes at potentially lower costs than competitive processes,

Small-scale specimens were fabricated by the processes discussed above
with the following nominal dimensions:

Wall taper - 0,100 to 0,050 inch
OD taper - 1,360 inches to 0,954 inch
Length - 18 inches

After processing, test samples were cut from the various tubes to
determine fatigue and mechanical properties, Commercial wrought
titanium tubes were processed and evaluated with the HIP tubes to
establish base-1line data,

Each processing sequence was studied to determine which process or com-
bination of processes offers the lowest cost approach to making full-
size helicopter rotor spars with suitable fatigue properties,

Interrelationships between the tasks in this program are diagrammed

in Figure 1. Using Task I as an example, billets were produced by HIP
for subsequent deformation by hydrostatic extrusion, or by tube drawing
with tapered mandrels or using deformable dies or for direct mechanical
evaluation as indicated by the arrows, In the same way, all the other
process sequences can be followed.

In addition to the experimental work conducted at Battelle, a hydro-
statically extruded HIP billet was evaluated for fracture toughness
by the Air Force Materials Laboratory. The results of this evaluation
are presented in Appendix I, Also, cursory scanning-electron micro-
scope (SEM) studies were performed on selected HIP fatigue specimens
at NASA-Langley, Hampton, Virginia, These results are included in
Appendix II,



TASK 1 TASK 111a
Hot Isostatic Pressing Purchase of Commercial
(HIP) of Ti-6Al-4V T{-6A1-4" Tubing
Billets
TASK Ta
Machine Target
Tube from
HIP Billet |
TASK 11 > TASK_I1Ib
Hydrostatic Drawing with Tapered b
Extrusion to Mandrel to Taper
Taper Tube Tube Wall
Wall
TASK IIlIc
Tube Drawing with

4 Deformable Dies to e aa |
Taper Tube OD and

Produce Target
Tubes

TASK 1V
»~J Evaluation of
Finish Tubes

V

TASK V
Analysis of Cost
Effectiveness

Figure 1. Interrelationships Between Various Tasks
Performed in This Program.



HOT ISOSTATIC PRESSING (HIP)

BJECTJVE

In this task, Ti-6A1-4V powder was consclidated into billets (preforms)
suitable for direct mechanical testing and for subsequent deformation
by either hydrostatic extrusion or tube drawing. The HIP process is
described in Appendix III,

EXPERIMENTAL PROCEDURES AND RESULTS

Qualificatfon of Ti~6Al-4V Powder Lot

A 92-poun' lot of spherical Ti-6A1-4V pcwder was purchased from the
Whittaker Corporation., The powder was produced by the rotating-electrode
process, Sieve and chemical analyses of the as-received powder lot are
given in Table I. The powder was vibrated through a U,S, Standard 40

TABLE 1, SIEVE AND CHEMICAL ANALYSES OF AS-RECEIVED
SPHERICAL Ti-6A1-4V POWDER

Sieve Analysis

Sicve, U,S, Sieve 18 25 35 45 60 80 120 170 230 235 PAN

’ercent Retained == == == 22,1 23,9 22,0 8.4 2,8 0.4 0,2 0.2
on Screen

Chemical Analysis

Llement Al C H N 0 Y Ti

Percent 6.30 84 ppn 28 ppn 215 ppn 1560 ppn 4,02 Bal




mesh sieve, Sixty pounds of -40 mesh powder was obtained from the
screening operation. This powder s{ze has been used in previous work to
produce hot isostatically pressed tubing of 100 percent density with
acceptable mechanical properties, The -40 mesh powder was used for sll
HIP tubing preforms in this program. The screening operation also
eliminated large-size impurities (+40 mesh) in the powder, which would
be detrimental to the fatigue properties of the fabricated Ti-6A1-4V
tubes,

In order to qualify the powder lot received from Whittaker Corporation,
small billets of Ti-6A1-4V powder were hot isostatically pressed ard then
evaluated for tensile and fatigue properties, The Ti-6A1-4V billets
were prepared by vibratorily compacting -40 mesh powder in 304 stainless
steel cans,

The billets were hot isostatically pressed at 1750°F with 10,000 psi
pressure for 3 hours, The tensile properties of these billets

were evaluated in the as-HIP, the 1400°F annealed, and the 1750°F
annealed conditions. The tensile specimen design is given in Figure 2,
The results of the tensile tests, summarized in Table II, indicate that
increasing the annealing time and temperature increases the ductility
of Ti-6A1-4V while decreasing the yield strength, The tensile prop-
eriies for the as-HIP material are wit?iy the expected range of per-
formance of annealed wrought Ti-6A1-4V,

To further qualify the powder lot received fron Whittaker Corporation,
billets of Ti-6A1-4V powder were HIP at 1750°F with 10,000 psi pressuvre
for 3 hours and sent to the Air Force Materials Laboratory at
Wright-Patterson Air Force Base for fracture toughness and impact
testing, The as-HIP Ti-6Al1-4V material had a stress intensity factor
(Kye) of 65 ksi 1/2 in, with a standard notched Charpy impact value of
19.21 foot-pounds. Both of these values for the as-HIP material are(z)
high within the expected range of performance of wrought Ti-6A1-4V,

Particles of a contaminant were found in the microstructures of the
as-HIP .'nd the annealed Ti-6Al1-4V billets, It was felt that these
particles might have lowered the fatigue properties of the tubing
preforms made in this program., The particles were identified as carbon
and tungsten by electron microprobe analysis and metallography. The
impurities are the result of contamination of the powder during production
by the spinning electrode process, Limited attempts at eliminating all
of these impurities from the powder were unsuccessful, Radiographs of
the billets indicated that the distribution and the number of impurities
were not significantly affected by either of the annealing treatments.

A picture of a tungsten inclusion in a Ti-6A1-4V powder particle is
shown in Figure 3. A micrograph of a tungsten inclusion in the as-HIP
microstructure of a Ti~6A1-4V billet is shown in Figure 4.

In an attempt to estimate the effect of the contaminant particles in
this program, the fatigue properties of solid billets were evaluated in
the as-HIP and the 1750°F annealed conditions. The results of the
fatigue tests are also included in Table II, and the fatigue specimen

5



TABLE 11, RESULTS OF TENSILE AND FATIGUE TESTS
ON HIP Ti-6A1-4V SOLID BYLLETS
4
Fatigue Life,
kpecimen Yield Tensile Ultimate Tensile Elongation, Reduction in Cycles to
Condition Strength, psi  Strength, psi (ercent Area, percent Failure*
s-HIP 130,000 137,.00 13.5 28 to 29 31,600
nealed 128,600 137,800 13.5 to 15.3 30 to 37 -
1400 °F -
2 hr
Annealed 126,500 135,300 15.4 38.5 to 40 18,300
1750 °F -
4-1/2 hr
% Axjal load fatigue tests with 85 ksi maximum stress and R = -1,
"
fe— 3 »

1/4"diam
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Figure 2, Tensile Test Specimen for HIP Ti-6A1-4V,



Figure 3, Tungsten Inclusion in a Ti-6Al1-4V Powder Particle,
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30 Percent Lactic Acid, 30 Percent HNO3,
10 Percent HF
Figure 4, Tungsten Inclusion in As-HIP Vicrostructure
of Ti=6A1-4V Billet,



deaign is shown in Figure 5, With an axial load of 85 ksi maximum
stress and with a stress range, R, of -1, the as-HIP Ti-6Al1-4V failed
at 31,600 cycles while the 1750°F annealed material failzd at 18,300
cycles, These fatigue results are lower than the 9 x 10* to 10° cycles
expected from handbook data for annealed wrought Ti~6A1-4v, (3)

It was not certain at that time if the powder on hand was typical of
Whittaker Corporation REP powder, so a sample of a second powder lot
was acquired from Whittaker Corporation,

The new powder lot had the same approximate impurity content as the
original lot. The tensile and fatigue properties of as-HIP billets

made from the second powder lot were also similar to the properties of
billets made from the original lot, indicating that the first powder lot
was apparently typical of Ti-6A1-4V powder made by Whittaker Corporation.
The powder manufacturer was unable to identify the exact source of
powder contamination and covld not assure us of a capability of producing
a new powder lot with a significantly lower impurity content in time for
use in the tapered tubing research program. However, Whittaker reports
that powder contamination can be eliminated in the near future. In any
case, the original T{-6A1-4V powder lot was used to make all the rubing
preforms in this program,

Hot Isostatic Pressin

Two trial preforms for tube drawing and hydrostatic extrusion were
initially hot isostatically pressed at 1750°F for 3 hours at 10,000

psi pressure., From the final dimensions of these HIP tubes, calcula-
tions were made to determine the tooling dimensions required for the
additional as=-HIP tubing preforms needed for the other tasks of this
program., Three trial preforms for the tube drawing, hydrostatic extru~
sion, and HIP tasks of this program were then made with these calculated
tooling dimensions and were hot isostatically pressed to ensure that

the tooling designs were correct. The dimensions of these as-HIP

tubes were within the specified tolerances for each preform type.
Therefore, the remaining number of preforms required for this program
wvere processed, These preforms were also hot isostatically pressed

at 1750°F for 3 hours at 10,000 psi pressure, The general procedure

for the production of the HIP Ti-6A1-4V preforms i{s given in Appendix IV,

Evaluation of as-HIP Preforms

The density of the as-HIP preforms was measured by the water-immersion
method., All of the preforms produced in the final HIP cycles were found
to be 100 percent dense., Transverse sections of all the preforms were
examined metallographically, The general microstructure of the preforms
was a basket-weave structure of alpha and beta phases as shown in Figure 6.
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Figure 5. Fatigue Test Specimen for HIP Ti-6A1-4V, 2
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Figure 6. General Microstructure of As-HIP Ti-6Al-4V Preforms.




The grain size and microstructure were uniform throughout the wall
thickrness of the preforms. Tungsten inclusions were found to be ran-
domly distributed throughout the T{-6A1-4V matrix and were due to the
contamination of the original powder lot,which was discussed in the
powder qualification portion of this report, An unidentifiable thin
layer was present on the ID surface of the as-HIP preform as shown in
Figure 7. The layer thickness was considerably less than one powder
particle diameter and could not be removed by pickling with hydrofluoric
acid,

Machining of As-HIP Preforms

The short 12-inch-long preforms for the hydrostatic extrusion portion of
the program were axially straight in the as-HIP pickled condition,but
several of the longer as-HIP preforms to be used for direct mechanical
testing (18 inches long) and for the tube drawing tusks (16,5 inches long)
of this program were slightly bowed, An attempt was made to straighten
the bowed preforms by three-point bending in a vertical hydraulic press,
Although the as-HIP preforms for direct mechenical testing were satis-
facto1ily straightened, the bow in some of the preforms for the tube-
drawing tasks could not always be completely removed. Bowing of long
preforms during the HIP cycle could occur as a result of the following
possible causes:

1. Relief of nonuniform residual stresses in the HIP cans and
core mandrels during the HIP cycle,

2. Misalignment of the core mandrel during vibratory compaction
of the metal powder,

3. Nonuniform vibratory compaction of the powder during loading
of the HIP can assembly, resulcing in nonuniform consolidation
of the preform during the HIP cycle,

4, Temperature gradients through the diameter of the preforms
due to uneven heating in the HIP autoclave, which results
in uneven expansion cf the preform during heating and uneven
contraction during cooling.

Bowing in long preforms might be controlled by the use of an external
die which would serve as a rigid support for the preforms during the
HIP cycle., The powder used for loading the parts might be sieved to &«
narrower particle size distribution than was used in this program to
ensure a more uniform vibratory compaction of the powder during loading
of the parts, The fact that several of the longer preforms did not

bow when hot {sostatically pressed in a large batch in the final HIP
cycle of this program indicates that temperature gradients probably
existed ir and contributed to the bowing of several of the preforms
during the HIP cycle,
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The hot isostatic pressing of only a few preforms in a single HIP cycle
would allow for more careful temperature contrel in the HIP autoclave,
This small-batch approach is believed to be economically feasible when
considering the HIP of 32-foot-long preforms. Bowing of the preforms
may also be minimized by using an open-ended tube to form tho ID surface
of the preforms instead of using a solid-core mandrel. The cpen ends of
the tube would permit gas flow through the interior of the preform
during the HIP cycle and would result in more uniform compaccion of the
preform and smaller temperature gradients through the diameter of the
part during HIP, The use of a tube instead of a solid mandrel would
also perhaps minimize the problems of misalignment of the mandrel

during loading of the can and nonuniform stress relief of the solid
mandrel during the HIP cycle,

The pickled preforms were machined on the OD surface only to reduce the
OD to the proper size. A picture and a diagram of the machined-tapered
preforms, for direct mechanical testing, without further processing

by tube drawing or hydrostatic extrusion, are shown in Figures 8 and 9,
Machining of the bowed preforms made for the tube-drawing task of the
program resulted in some preforms' being eccentric; that is, small
variations in wall thickness existed around the circumference of the tube.

The machined preforms were vacuum annealed at 1500°F for 1 hour to
remove hydrogen which may have been picked up during pickling of HIP

and to relieve residuzl stresses from machining. Heat-treatment experi-
ments showed that annealing the as-HIP preforms at higher temperatures
resulted in s.gnificant grain growth in the Ti-6A1-4V matrix, a change
which would have an adverse effert on fatigue properties of the .reforms.

Discussion

Although the tensile properties, fracture toughness, and impact st-ength
of the as-HIP Ti-6A1-4V were determined to be within or slightly becter
than the expected range of performance for wrought Ti-6A1-4V, the
fatigue properties of the as-HIP material made in this program are
appreciably below those of wrought and annealed Ti-Al-4V, The as=-HIP
material has essentially a modified basket-weave microstructure. This
structure is common in Ti-6A1~4V except that this modified structure does
not exhibit grain-boundary alpha, which is known to cause embrittlement,
Thus, this structure possesses the high fracture toughness of a material
with a basket-weave structure typical of beta-forged material without
suffering a loss in ductility,

The HIP temperature of 1750°F is above a standard mill-anneal temperature
for wrought Ti-6A1-4V and consequently results in a co.:se as=HIP grain
size, Since it was not within the scope of this work :o study the effect
of HIP on physical properties, no effort was expended to try to optimize
the HIP process. A refinement of the as-HIP grain size may result in an
increase in the fatigue properties of the as-HIP Ti-6Al1-4V and may also
improve the fatigue properties of the Ti-6A1-4V preforms, Refinement

of the as-HIP grain size may be achieved by determining the minimum
temperature and time required in the HIP cycle for full consolidation

of the Ti-6A1-4V powder to 100 percent density,

13
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As was discussed in the powder-qualification portion of this report,
there were tungsten and carbon impurities in the Ti-6A1-4V powder lot.
These impurities and/or surface cracking indicated the SEC studies

by NASA in the Ti-6Al-4V matrix may serve as crack initiation sites
under loading and, therefore, lower the fatigue strength of the as-HIP
Ti-6A1-4V, The fracture toughness and impact strength of as-HIP are
high within the expected performance range of wrought Ti-6A1-4V, indicating
that the resistance to crack propagation in the as-HIP Ti-6A1-4V {is
probably adequate, This would imply that the somewhat low fatigue
strength of the as-HIP Ti-6A1-4V would be due to a relatively low
resistance to crack initiation under loading, possibly as a result of
the tungsten and carbon impurities in the as-HIP Ti-6A1-4V matrix,
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HYDROSTATIC EXTRUSION

OBJECTIVE

The cbjective of this work was to hydrostatically extrude HIP Ti-6A1-4V
tube preforms into constant-0D, tapered-wall tubes suitable for an ID
tapering operation by deformable-die tube drawing. Tubes with tapered
ID'es and wall thickness were to be made by extruding hollow tube billets
through a fixed opening using tapered mandrels, During extrusion, the
mandrel moves through the die, increases the ID, and produces a pro-
gressively thinner tube wall,

The hydrostatic extrusion process and tooling arrangements used in this
program are discussed in Appendix V,

EXPERIMENTAL DETAILS AND RESULTS

Billet Materials

The 1rajority of hydrostatic extrusion trials were conducted on HIP-
Ti-6A1-4V billets produced with a tapered ID and a uniform OD, The
taper on the ID of these billets closely matched that of the mandrel,
The straight portions on either end of the billet were intended to
produce lengths of straight tubes which could be gripped in the sub-
sequent tube drawing operation. The OD tapered on thc billet nose was
made to mismatch the die angle by 7-1/2 degrees when the 22-1/2-degree
dies were used, This technique reduces static billet/die friction and
minimizes the pressure breakthrough peak at the beginning of the extru-
sion operation,

Other billets used throughout the course of the program are as
follows:

1. A solid HIP Ti-6A1-4V billet, 1-3/4 inches in diameter by
7 inches long.

2, Wrought Ti-6A1-4V tubes with 1,500-inch OD x 1,289-1inch ID
obtained from a commercial supplier,

3. An AISI 1018 steel billet machined to the same dimensions
as the HIP billet shown in Figure 14,

16



Fluid and bricants

The fluid used in the course of these hydrostatic extrusion trials
consisted exclusively of AA castor oil,which has been successfully used
in che past for extruding many materials. Three billet lubricants

were employed in the course of these trials, Two were used for titanium
billets, and the third was used for the 1018 steel.

For the Ti-6A1-4V alloy billets, the following lubricants were used:

1. Fused TFE*

2. "Tiodized' and anodized titanium layer coated with MoSz**

The 1018 steel was lubricated with a mixture of castor wax and MoS; and
is described as L17 in Reference 4,

Results of Extrusion Trials

Seven hydrostatic extrusion trials were made to produce tapered-wall
tubes and a solid Ti-6Al=4V rod, The rod was extruded without problems.
Tubes were not extruded to the desired 30-inch lengths, because portions
of the tubes either cracked or did not flow uniformly through the die,
The hydrostatic extrusion trials conducted in this program are summarized
in Table III,

In Trial 1, the solid Ti-6Al1-4V HIP billet was extruded at a ratio »f
2.,5:1 to establish base-line extrusion data, This HIP billet was
extruded under the same conditions successfully used in previous work to
extrude wrought Ti-6A1-4V billets,* The HIP billet extruded at about the
same fluid pressure required for wrought material ,and an excellent 1,110-
inch-diameter rod was produced, The extruded rod subsequently was
evaluated for fracture toughness by the Alr Force Materials Laboratory.
The results of this evaluation are presented in Appendix 1.

In Trial 2, the first employing a HIP-tube billet, about 10 inches of
tube was extruded, A 5-inch section of tube separated from the billet
during the extrusion cycle. Subsequent examination of the extrusion

and billet showed that (1) the OD of the first 5-inch extruded tube
appeared to be sound and had a good surface, (2) the ID of the same
plece exhibited some circumferential cracks, (3) the 5-inch tube section

* E, 1. DuPont's Teflon 850 + 204 primer + 851-221 overcoat,
*% Tiodize Inc., Burbank, California, Type II coating + Ti-O-Lub TAL-58.

17
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which remained attached to the billet was cracked in a spiral pattern
which went completely through the wall, and (4) the unextruded portion
of the billet showed some upsetting.

A 1-3/4-1inch length of tube was produced 'n the next trial when the
tube cracked {n the die land, causing a fluid leak, This partially
extruded tube had internsl circumferential -racks in the area adjacent
to the die land. Also, the unextruded section of the billet upset 1in a
series of annual bulges.

Billet upsetting was controlled in all subsequent trials by the use of

a sleeve i{n the extrusion liner which has an ID only 0.015 inch greater
than the tube 0D, thereby, limiting any upsetting of the billet,

A steel tube billet was used to evaluate this liner arrangement ,and about
8-1/2 inches of good tapered wall was produced. This indicates that
this new tooling approach was sound.

In Trial 5, extrusion of a HIP-tube billet was unsuccessful as the tube
broke in a series of discrete rings as it exited from the die, Wrought
Ti-6A1-4V tubes were extruded next in an attempt to separate the effect
of processing conditions from material property variations. The wrought
tubes as-purchased had a uniform ID rather than one tapered to match
the mandrel taper as did the as-HIP tube preforms, Consequently, the
wrought tubes underwent some ID reduction as well as a maximum area
reduction ratio of 1,53:1., Six inches of sound extrusfon were produced
with minimal evidence of ID defects, These results suggest that the
extensive cracking obtained in the HIP tube extrusions may be related
to mechanical property differences in the HIP preforms, particularly

on the ID surface, as compared to the wrought tube material,

DISCUSSION

These hydrostatic extrusion trials demonstrated that the process can

be used to extrude HIP billets into rounds, Also they have shown from
the short lengths of defect-free tubes produced that it appears hydro-
static extrusion has potential for making tapered-wall tubes, but addi-
tional work is required to make such tubes defect-free, Optimization
of the starting HIP billet properties and possible elimination of powder
contamination may help to improve the room-temperature workability of
this material, It {s also possible that the unidentified layer on the
ID of the HIP tubes (see page 14 and Figure 9) could contribute to tub:
surface fallures if this layer is brittle in nature. In addition, the
data presented in Appendix II indicates the presence of ID cracks in the
fatigue specimens of the as-HIP tubes examined. Such cracks or weak
zones, if present, in *the as-HIP tube blanks, could also have contributed
to the problems encountered in extrusion of HIP tubes,
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It should be noted that conventional processing of wrought Ti-6A1=4V

tubing has traditionally been plagued with problems of ID surface

defects, However, very recent results on a Battelle progrlm7 indicate that
T{-6A1-4V wrought tubing may be hydrostatically extruded free of harmful

ID defects at warm (1400°F) temperstures and at an extrusion ratio of 5:1, It
is recommended, therefore, that subsequent hydrostatic extrusion trials

with HIP material be undertaken at warm temperatures to increase

the potential for making defect-free tubes,

Earlier in this report, it was reported that cold working of HIP material
did not improve fatigue 1l{fe over that of as-HIP material, However,
work by Peeblesd indicates that warm or hot working introduces suffi-
cient shear deformation in a powder product such as HIP material to
raise fatigue life to equal or exceed that of conventionally wrought
materials, Peebles' work was done in hot forging P/M preforms of Ti-
6A1-4V, and Figure 10 shows the improvement gained in fatigue 1life by
20 and 50 percent hot upsetting. Warm or hot shear deformatfon between
powder particles promotes better bonding and thus better fatigue life,
Thus, the use of warm working has potential edvantages of improving
fatigue 1ife of the HIP materfal and enabling it to be successfully
fabricated into a tapered tube product,
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TUBE DRAWING

QBJECTIVE

The objectives of this work were:

1.

2,

Establish procedures to taper the wall and diameter of HIP and
wrought Ti-6A1-4V alloy tubing by cold drawing,

Assess potential problems with tooling and lubrication, and
determine number of interstage anneals required to form the
finished part,

Establish drawing force data upon which tooling and equipment
requirements can be estimated for producing full-scale spar
tubes,

Prepare two tapered parts, each from commercial wrought and
HIP tubing,

Taper the diameter of three tapered wall preforms produced
by hydrostatic extrusion. The target tapered tube shape is
shown {n Figure 11.

Die tapering techniques are described in Appendix VI,
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Figure 11, Target Tapered-Tube Shape.
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EXPERIMENTAL PROCEDURES AND RESULTS

The processing sequence for producing the tapered titanium alloy parts
can be broken down into three basic steps {outlined in Table IV):

wall tapering with a rigid die, tube pointing, and diameter tapering
with a deformable die. The procedures and results of these three cold-
forming operations are discussed below,

Approach

Wrought commercial and HIP Ti{-6A1-4V tubes with constant wall thicknesses
were drawn through a rigid die and over a tapered mandrel to produce
tubes with constant OD's and walls tapering from 0,100 inch to 0,050
inch, In this operation, the relative merits of pushing the tube-mandrel
assembly through the die, which eliminates the need for a tube pointing
step, were compared tc those of the more common technique of pulling

both through the die. The latter technique was “ound to be unsatis-
factory because the transition areas ir. the tube points tended to shear
off as the tubes were started through the drawing dies., Thus, wall
tapering was accomplished by pushing the tube and mandrel assembly
through the dies. After wall tapering, diameter tapering was accom-
plished by drawing the tapered wall preforms over atapered mandrel with

a deformable die,

Materjals Investjigated

The process for preparing the HIP tubes has been described elsewhere
and needs no further comments here, Wrought Ti-6A1-4V tubes were
obtained from two commercial sources and used to provide base data for
a comparison with Ti-alloy parts made from HIP tubes,

A tube measuring 1.5 inches OD by 1.3 inches ID by 10 feet long was received
from Wolverine Tube, Detroit, Michigan. Sixteen-inch-long sections

of this material were ultrasonically inspected and prepared for sub-

sequent cold drawing. Ultrasonic inspection indicated the as-received
material to be sound and crack-free, The Wolverine tube was producec

by tube reducing,which i{s a common tube-making process,

Another Ti-6A1-4V tube measuring 1.5 inches OD by 1.3 inches ID by 16 inches
long, which was produced by a relatively new tube-making process called
rotary ball swaging, was obtained from the Whittaker Corporation, It

was anticipated that each tube-making process would produce tubes with
slightly differing crystallographic textures and thereby with different
deformation behavior, Tubes produced by both manufacturing processes

were tapered to determine if either tube was preferable starting stock.

24
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TABLL 1V,

FABRICATION SEQUENCE FOR TUBE TAPERING IN TASK III

Step

Operation

4

Wa

Taper

Taper wall from 0.100
inch to 0,068 inch
(4 passes in rigid dies)

Pickle and anneal

Finish wall taper from
0.068 inch to 0,050
inch

Pickle and anneal

Pointing

Point end from 1,360
inches to 1.225 inches 0D
(1 pass)

Pickle and anneal

Finish pointing from
1.225 inches OD to
0.900 inches OD
(3 passes)

Di ameter Tapering

Finish taper OD from
1.360 inches to 0,964
inch with deformable
die

25
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The as-received properties of the commercial titanium alloy tubes as
reported by the suppliers are listed below:

Yield Point, Ultimate Tensile Elongation,

Source psi Strength, psi percent
Wolverine 129,000 143,000 28
Whittaker 129,750 143,450 15

Wal] Tapering

The target tapered-wall preform required for deformable die tapering to
form the finished part is shown in Figure 12, The tapered ID is formed
by pushing the tube and mandrel assembly through rigid dies., The mandrel
surface 1s tapered and, as the tube moves through a constant die opening,
the ID of the workpiece conforms to the taper on the mandrel surface,

Eight tapered-wall preforms were prepared by pushing the tubes through
carbide dies in seven passes of approximately 10 percent reduction in
area per pass, The tubes were annealed after a cumulative area reduction
of about 35 percent, The finished tubular parts were 23 to 24 inches
long,and the wall tapered from 0,100 inch to 0,050 inch, Seven of these
workpieces were prepared from commercial Ti-6A1~4V tubing,and one was
prepared by the HIP process at Battelle. The seven tubes prepared

from wrought material were crack-free,with excellent OD and ID surface
finishes, The Fel-Pro C300 lubricant and carbide die system performed
satisfactorily., 1In fact, all seven wrought tubes were fabricated to
final size without using any in-procese surface conditioning other than
recoating the workpiece with lubricants after each cold reduction,
Results of the wall tapering experiments and the drawing loads required
are shown in Table V,

The HIP-processed tube showed evidence of fine hairline cracks on the
ID at two locations. These have been attributed to minor variations in
density of the transverse cross section of the starting tube blanks
along its longitudinal axis, A market fluctuation in the draw force
was observed as this tube passed through the die which was presumably
associated with these low-density areas,

Attempts were made to process seven additional HIP preforms, However,
the wall thickness variations in these preforms (which resulted from
machining of inadequately straightened HIP tube blanks) caused a severe
ovality condition in the tubes during processing. This condition
appears to have contributed to surface galling and, in some cases, wall
fractures, As a result, work with these tubes had to be terminated,
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TABLE V,

DETATLS OF WALL TAPERING TRIALS

Die

Tube Identification Die Opening, Draw Force,klb
| Identification R,A, Percent Number in, Maximum Steady
W-8 10 (29) 1 1.446 16,200 7,400
10 3 2 1.428 14,200 s
10 (29) 3 1,412 12,500 6,400
10 4 1.396 11,800 6,800
10 5 1.382 12,200 6,000
10 6 1,370 10,900 4,000
10 (34) 7 1,360 9,200 2,400
W-9 10 1 1.446 16,400 7,800
10 2 1.428 16,000 -
10 (29)* 3 1.412 12,500 8,000
10 4 1.396 14,800 7,000
10 5 1.382 11,500 -
10 6 1.370 11,000 -
10 (34) 7 1.360 7,800 =
N-1 10 1 1,446 17,500 7,500
10 - 2 1.428 14,500 s
10 (29) 3 1.412 11 800 8,250
10 4 1.396 16,000 -
10 5 1,382 12,400 -
10 6 1.370 9,400 3,800
10 G/ 1.360 7,600 3,900
W-11 10 1 1.446 15,500 7,500
10 2 1.428 15,000 -
10 3 1.412 14,000 -
10 (34)* 4 1,396 13,200 -
10 5 1.382 12,600 o
10 6 1.370 12,000 -
10 7 1.360 9,800 4,600
HIP-1 10 1 1.446 10,500 =
10 2 1,428 13,250 -
10 (29)** 3 1.412 13,300 -
10 4 1.396 12,500 -
10 5 1,382 12,000 o
10 6 1.370 11,200 =
10 (34) 7 1.360 9,250 -

Note: Numbers in parentheses indicate cumulative
between anneals,

* Tubes annealed at this point in processing.
%% Hairline cracks visible on ID,

cold reduction in area
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Tube Pointing

The workpiece must be pointed for a short distance to keep the tube from
slipping over the mandrel during diameter tapering, Past experience on
other materials had shown that pointing could be accomplished by simply
pushing the workpiece into a die or series of dies. Since the target

OD at the small end of the tapered tube was 0.964 inch, a tube slightly
smaller than this was required to allow the end of the tube to start
through the tapering die, It was planned to accomplish pointing in five
passes of approximately 10 percent diametral reduction per pass as
indicated below.

Die Die ID, R.A., Cumulative R.A,,

No, in, percent percent
1 1.224 10 -
2 1.102 11 20
3 1.000 10 28
4 .900 10 -
5 .810 11 47

It was evident from the beginning that pointing was going to be a problem
because of cracking of the tube. End cracks developed as the tube ends
were pushed through the second pointing die (20 percent diametral reduc-
tion)., The most common type of cracking observed is illustrated in
Figure 13. This type of cracking was seen frequently in subsequent
pointing attempts. 1In view of prior pointing experiences with other
materials, this cracking was unexpected,especially at the relatively
small reduction levels being used, When this cracking problem was

first observed, various attempts were made to overcome it.

The approaches taken to alleviate the point-cracking problem are described
below,

All tube ends were carefully faced in a lathe,and the edge
making first contact with the die was rounded slightly,

In addition, some of the tube samples were machined

to various contours, including

® Slight bevel on OD
® Slight bevel on ID
® Bevel on both ID and OD

After machining, the tubes were honed on both the OD

and ID and then chem=milled to remove any possible crack
initiators.
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Figure 13, Sketch To Illustrate Type of Cracking
Observed During Tube Pointing.

None of the measures described above were very effective in solving

the cracking problem. At the 10-percent reduction level, pointing was
nearly always successful. At the 20-percent level, successes outweighed
failures by a fair margin., At 30-percent reduction, cracking always
occurred, The practice of interstage annealing between passes did not
show significant benefits.

The source of the pointing problem is not clear, The mechanical prop-
erty data of these tubular materials indicates at least a 15-percent
eiongation in a tensile test, These data suggest that pointing to a
10-percent diametral reduction should be possible. Nonetheless,
failures frequently occurred on a 10-percent reduction after annealing.
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